ABSTRACT: Individual specimens of Anisakis, Pseudoterranova, and Contracaecum collected from marine mammals inhabiting northern Pacific waters were used for comparative diagnostic and molecular phylogenetic analyses. Forty-eight new sequences were obtained for this study of 14 Anisakis taxa, 8 Pseudoterranova taxa, 4 Contracaecum taxa, and 4 outgroup species. Partial 28S (LSU) and complete internal transcribed spacer (ITS-1, 5.8S, ITS-2) ribosomal DNA was amplified by the polymerase chain reaction and sequenced. Sequences of ITS indicated that Pseudoterranova specimens from Zalophus californianus (California sea lion), Mirounga angustirostris (northern elephant seal), Phoca vitulina (harbor seal), Enhydra lutris (sea otter), and Eumetopias jubatus (Steller's sea lion) exactly matched P. decipiens s. str., extending the host and geographic range of this species. Anisakis from northern Pacific marine mammals were most closely related to members of the A. simplex species complex. Comparison of Anisakis ITS sequences diagnosed the presence of A. simplex C in 2 M. angustirostris hosts, which is a new host record. Anisakis specimens from Phocoena phocoena (harbor porpoise), Lissodelphis borealis (Pacific rightwhale porpoise), and E. jubatus included 3 ITS sequences that did not match any known species. Contracaecum adults obtained from Z. californianus were most closely related to C. ogmorhini s.l. and C. rudolphii, but ITS sequences of these Contracaecum specimens did not match C. ogmorhini s. str. or C. margolisi. These novel Anisakis and Contracaecum ITS sequences may represent previously uncharacterized species. Phylogenetic analysis of LSU sequences revealed strong support for the monophyly of Anisakinae, Contracaecum plus Phocascaris, Pseudoterranova, and Anisakis. Phylogenetic trees inferred from ITS sequences yielded robustly supported relationships for Pseudoterranova and Anisakis species that are primarily consistent with previously published phenograms based on multilocus electrophoretic data.
Anisakid nematodes are common parasites of marine mammals, and have a worldwide distribution. Larvae of these nematodes are a major problem for commercial fishing industries (Rohlwing et al., 1998) , and are potential human health hazards, both as causative agents of anisakiasis (Sakanari and McKerrow, 1989) , and as potential food-borne allergens (Moneo et al., 2000; Baeza et al., 2001) . Numerous studies employing data from multilocus enzyme electrophoresis have revealed that morphospecies of Anisakis, Contracaecum, and Pseudoterranova consist of genetically differentiated sibling species with different geographic and host distributions Nascetti et al., 1986; Orecchia et al., 1986; Paggi et al., 1991; Nascetti et al., 1993; Mattiucci et al., 1997 Mattiucci et al., , 1998 Paggi, Mattiucci et al., 1998; Paggi et al., 2000; Mattiucci et al., 2003) . These population-level allozyme studies have been instrumental in detecting evidence of genetic heterogeneity (noninterbreeding individuals within populations) among large samples of ascaridoids collected from paratenic or definitive hosts in nature (Paggi and Bullini, 1994; Bullini et al., 1997) , and have led to the discovery and description of several new species. Such studies have facilitated the development of other molecular diagnostic tools for these species, in particular, those based on the polymerase chain reaction (PCR) including PCR-restriction fragment length polymorphism (PCR-RFLP) (Zhu, Gasser, Podolska, and Chilton, 1998; D'Amelio et al., 2000; Kijewska et al., 2002; Shih, 2004) , single-strand conformational polymorphism (SSCP) of PCR products (Zhu, Gasser, Podolska, and Chilton, 1998; Zhu et al., 2000; Hu et al., 2001; Zhu et al., 2001 Zhu et al., , 2002 , and direct sequencing of PCR-amplified DNA (Zhu, Gasser, Podolska, and Chilton, 1998; Nadler et al., 2000; Zhu et al., 2000; Hu et al., 2001; Zhu et al., 2001 Zhu et al., , 2002 Mattiucci et al., 2003) . These DNA-based diagnostic techniques are advantageous because individual alcohol-preserved adults and larvae can be identified; in contrast, allozyme techniques require enzymatic activities that are only preserved in frozen tissues. Diagnostic DNA markers from a single genetic locus can be quite useful for nematode identification (Gasser et al., 1996; Zhu, Gasser, Podolska, and Chilton, 1998; D'Amelio et al., 2000; Nadler et al., 2003) . However, such single-locus studies are of considerably less utility for finding and delimiting new species in nature (Nadler, 2002 (Nadler, , 2005 . Nevertheless, unexpected nucleotide sequence variation at even 1 locus provides valuable information that can lead to testing hypotheses of species using multilocus datasets (allozymes or DNA based approaches) with reference to explicit species concepts (Adams, 1998; Nadler, 2002) .
The most detailed studies of North American marine mammal ascaridoids have focused on hosts from Canadian Atlantic waters (Brattey and Ni, 1992; Brattey and Stenson, 1993; Brattey and Davidson, 1996) . These investigations have characterized ascaridoids in Halichoerus grypus (gray seal, GS), Phoca vitulina (harbor seal, HS), Phoca hispida (ringed seal, RS), Cystophora cristata (hooded seal, HDS), Phoca groenlandica (harp seal, HRS), and Erignathus barbatus (bearded seal, BS), and have used molecular methods to identify species of Anisakis, Pseudoterranova, Contracaecum, Phocascaris, when assessing parasite abundance and host distribution. Studies using molecular tools to diagnose ascaridoids in North American Pacific waters have been very limited in scope. For Anisakis, investigators have used allozyme and PCR-RFLP techniques to document adults of A. simplex C D'Amelio et al., 2000) from Pseudorca crassidens (false killer whale) and A. simplex s. str. from Phocoena phocoena (harbor porpoise, HP) and P. crassidens D'Amelio et al., 2000) occurring in Canadian Pacific waters. Contracaecum ogmorhini s.l. was reported from Zalophus californianus (Cali-fornia sea lion, CSL) in Mexican and Californian Pacific waters (Fagerholm and Gibson, 1987) , and these authors predicted this parasite would be found in additional host species from the Pacific, including Callorhinus ursinus (northern fur seal, NFS) and Eumetopias jubatus (Steller's sea lion, SSL). More recent genetic studies show that C. ogmorhini s.l. consists of 2 sibling species, C. ogmorhini s. str. and Contracaecum margolisi (Mattiucci et al., 2003) , with the latter species diagnosed genetically (Zhu et al., 2001; Mattiucci et al., 2003) from 1 locality (Vancouver Island, Canada) in Z. californianus (CSL). The third common genus of marine mammal ascaridoid, Pseudoterranova, is also a complex of at least 5 species (Paggi et al., 1991; Mattiucci et al., 1998; George-Nascimento and Urrutia, 2000; Paggi et al., 2000; Zhu et al., 2002 ) that can be diagnosed by allozyme markers , nucleotide sequences (Zhu et al., 2002) , and, for adult males, morphometric differences (Di Deco et al., 1994; Mattiucci et al., 1998; GeorgeNascimento and Urrutia, 2000; Paggi et al., 2000) . Reports of Pseudoterranova decipiens from North American Pacific waters predate the common use of molecular markers to identify species, thus, Pseudoterranova taxa from these hosts have not yet been investigated relative to recently described species.
In the present study, specimens of Anisakis, Pseudoterranova, and Contracaecum collected from marine mammals inhabiting North American Pacific waters were sequenced for ITS ribosomal DNA (rDNA), compared with diagnostic sequences for known species, and used to infer phylogenies. Some of these specimens were also sequenced for a region of LSU rDNA and analyzed in a comparative phylogenetic context to assess relationships among taxonomic groups of aquatic ascaridoids.
MATERIALS AND METHODS

Taxa for molecular systematics
Nematodes (Table I) were obtained from stranded marine mammals by staff at the Marine Mammal Center, Sausalito, California. Ascaridoids were collected at necropsy, preserved in 95% ethanol, and stored at Ϫ20 C. Anterior and posterior ends of specimens were removed, cleared in lactophenol, and diagnosed by microscopy. Morphologically, the northern Pacific specimens corresponded to A. simplex s.l., P. decipiens s.l., or C. ogmorhini s.l. Four of the other Anisakis specimens used for comparative study were diagnosed to species based on morphology (A. typica, A. ziphidarum, A. physeteris, and A. brevispiculata) , and all such reference species were confirmed by using diagnostic allozyme markers. Voucher specimens of northern Pacific specimens have been retained in the University of California-Davis frozen tissue collection. Contracaecum and Pseudoterranova reference ITS sequences were obtained from GenBank as were 34 of 56 partial LSU sequences used for phylogenetic analysis (Table I) . Additional ascaridoids sequenced for comparative analysis of LSU rDNA included Parascaris equorum, Ascaris suum, Baylisascaris procyonis, Hysterothylacium auctum, and Raphidascaris acus (Table I) .
DNA amplification and sequencing
DNA was extracted from pieces of individual nematodes using commercial kits (DNAzol, Molecular Research Center Inc., Cincinnati, Ohio; MasterPure, Epicentre Technologies, Madison, Wisconsin) . A region of the 5Ј end of the nuclear large subunit ribosomal RNA gene (LSU rDNA) containing the D2 and D3 divergent domains was amplified using a forward PCR primer (#391, 5Ј-AGCGGAGGAAAAGAA ACTAA, or #538, 5Ј-AGCATATCATTTAGCGGAGG) in combination with a reverse primer (#390, 5Ј-ATCCGTGTTTCAAGACGGG, or #501, 5Ј-TCGGAAGGAACCAGCTACTA). A region of nuclear rDNA including the internal transcribed spacers (ITS-1, ITS-2) and 5.8S subunit was amplified using primers that anneal to the 3Ј end of the 18S rDNA (#93, 5Ј-TTGAACCGGGTAAAAGTCG) and the 5Ј end of the 28S rDNA (#94, 5Ј-TTAGTTTCTTTTCCTCCGCT). PCR reactions (25 l) consisted of 0.5 M each primer, 200 M deoxynucleoside triphosphates, and MgCl 2 , ranging from 1.5 to 3 mM as required for specific amplification. Proofreading polymerase (0.5 unit, Finnzymes DNAzyme EXT, MJ Research, Waltham, Massachusetts) was used for PCR, and cycling parameters included denaturation at 94 C for 3 min, followed by 35 cycles of 94 C for 30 sec, 48-57 C for 30 sec, and 72 C for 1 min, followed by a postamplification extension at 72 C for 7 min. PCR products were prepared for direct nucleotide sequencing by using enzymatic treatment with exonuclease I and shrimp alkaline phosphatase (PCR product presequencing kit, USB Corporation, Cleveland, Ohio). PCR products were cloned when they could not be successfully sequenced directly. For cloning, PCR products were washed 3 times with TE buffer (pH 7.0) by spin filtration (Millipore Ultrafree-MC 30,000 NMWL, Millipore Corporation, Bedford, Massachusetts), ligated into pGEM-T vector (Promega, Madison, Wisconsin), and cloned into JM109 Escherichia coli. Plasmid DNA was obtained using Qiaprep spin miniprep kits (Qiagen, Valencia, California) . Sequencing reactions were performed using dye-terminator sequencing chemistry, and reaction products were separated and detected using an ABI 3730 capillary DNA sequencer (PE Applied Biosystems, Boston, Massachusetts). All sequences were completely double stranded for verification using reactions primed from the PCR or vector primers and 2 or more internal sequencing primers. Site polymorphisms in directly sequenced PCR products were recorded only when both alternative nucleotide peaks were present in all sequence reactions representing both DNA strands. If the heights of the alternative nucleotide peaks at polymorphic sites were not equal, the height of the minor peak was required to significantly exceed background terminations and comprise at least 25% of the major peak to be scored as a polymorphism (Nadler et al., 2003) . For cloned rDNA, conflicts between clones were recorded as polymorphisms. Phred base-calling was used before contig assembly with CodonCode Aligner (Version 1.2.2).
Phylogenetic analyses
Sequences determined in this study (indicated in Table I ), plus those obtained from GenBank, were aligned using ProAlign Version 0.5 (Löy-tynoja and Milinkovitch, 2003) . For each alignment, a ProAlign guide tree was constructed using corrected (for multiple hits) pairwise distances; this guide tree was used to estimate the hidden Markov model parameters (␦ and ⑀) for progressive multiple alignment. Program (Java) memory and band widths were increased, as required, to complete the alignment. The minimum posterior probability of sites was used as the criterion for detecting and removing unreliably aligned sequence. To reduce the likelihood of excluding correctly aligned sites, the filter threshold was set to 60% minimum posterior probability (Löytynoja and Milinkovitch, 2003) . Pairwise sequence differences (absolute distances) were determined from multiple alignments using PAUP* 4.0b10 (Swofford, 1998) . Phylogenetic trees were inferred using unweighted maximum parsimony (MP) and maximum likelihood (ML) methods using PAUP* executed on a dual-processor Linux computer. Gaps were treated as missing data in parsimony analyses. Modeltest Version 3.06 (Posada and Crandall, 1998) was used to compare the fit of nucleotide substitution models for datasets using the Akaike information criterion. The best-fit ML model for each dataset was used for likelihood analysis.
For the 56-taxa LSU dataset, heuristic MP searches were conducted using 500 replicates of random taxon addition with tree-bisection-reconnection (TBR) branch swapping. Bootstrap MP searches were conducted using 1,000 pseudoreplicates, with random taxon addition and a search time limit of 30 sec per pseudoreplicate. Maximum likelihood trees were inferred using a neighbor-joining (NJ) starting tree, with heuristic searching of tree space by TBR branch swapping. The bootstrap ML tree was produced using 100 pseudoreplicates of heuristic searches as indicated for individual ML trees, except each replicate was limited to 800 sec. Maximum parsimony and ML trees were rooted using Heterocheilus tunicatus (Ascaridoidea, Heterocheilidae), a choice supported by previous analyses of molecular datasets (Nadler and Hudspeth, 1998, 2000) .
For the Anisakis and Pseudoterranova ITS datasets, MP searches were conducted using the branch-and-bound method; bootstrap MP trees were inferred using 1,000 pseudoreplicates of branch-and-bound. Maximum likelihood and bootstrap ITS ML trees were inferred using the same methods as for the LSU dataset. The sister-group relationship of Anisakis and Pseudoterranova recovered in analysis of ribosomal DNA and mitochondrial sequences (Nadler and Hudspeth, 1998, 2000) and for regions of LSU sequence (this study) was the basis for using Anisakis to root the Pseudoterranova ITS tree, and in a separate analysis, Pseudoterranova to root the Anisakis ITS tree. Thus, these ITS analyses cannot be used to test the monophyly of Pseudoterranova or Anisakis. Phylogenetic analyses that would permit more comprehensive comparisons and tests of monophyly with ITS sequences through inclusion of more ''basal'' ascaridoid taxa were not undertaken because of substantial regions of positional homology uncertainty in ITS alignments that included more taxonomically diverse ascaridoids.
RESULTS
28S rDNA sequence data and analysis
Sequences of LSU rDNA from 9 Pseudoterranova specimens (8 P. decipiens s.l. and 1 P. decipiens s. str.) were identical. These included individual nematodes obtained from 2 P. vitulina (HS), 3 Z. californianus (CSL), 1 Mirounga angustirostris (northern elephant seal, NES), 1 Enhydra lutris (sea otter, SO), and 1 E. jubatus (SSL). These sequences also matched the LSU sequence of P. decipiens s. str. (Nadler and Hudspeth, 1998) . Likewise, LSU sequences of 4 Contracaecum specimens obtained from 4 Z. californianus (CSL) were identical and matched the sequence of C. ogmorhini s. str. (Nadler et al., 2000) obtained from Arctocephalus pusillus pusillus (Cape fur seal, CFS). Pairwise comparisons of Anisakis LSU sequences showed absolute nucleotide distances ranging from 0 to 5 differences. All 3 Anisakis individuals from M. angustirostris (NES) hosts were identical in sequence, as were specimens from 1 E. jubatus (SSL) and 1 Lissodelphis borealis (Pacific rightwhale porpoise, PRP).
For phylogenetic analysis of LSU sequences, using ProAlign to detect and remove unreliably aligned sites by their posterior probabilities excluded 52 of 712 alignment sites. This dataset of 660 characters included 206 parsimony informative sites. Maximum parsimony analysis of the LSU dataset yielded 4 most parsimonious trees of 774 steps (C.I. ϭ 0.53). The strict consensus of these trees ( Fig. 1) depicted Anisakis plus (Pseudoterranova, Terranova) as monophyletic, with 100% bootstrap support. Likewise, representatives of Pseudoterranova and Anisakis were each monophyletic, with 100% and 93% bootstrap support, respectively. The strict consensus of MP trees also revealed a monophyletic Contracaecum plus Phocascaris clade, with 100% bootstrap support. Anisakidae (sampled genera included Anisakis, Pseudoterranova, Contracaecum, Phocascaris) was not a clade in the strict consensus of MP trees or in the bootstrap majority-rule MP consensus tree. Genera in the Raphidascarididae (Hysterothylacium, Goezia, Iheringascaris, and Raphidascaris) were monophyletic in the MP trees, but this clade received low bootstrap support (69%). Taxa from the Ascaridinae (Parascaris, Ascaris, Toxascaris, Baylisascaris) were strongly supported as monophyletic (99% bootstrap), but Ascarididae was not monophyletic because of the exclusion of Toxocara. In general, relationships among these clades, e.g., Raphidascaridae, Ascaridinae, and Anisakinae, representing the deepest nodes in the phylogenetic hypothesis, were not reliably supported as assessed by MP bootstrap resampling (Fig. 1) .
Maximum likelihood analysis of the 660-character LSU dataset yielded a single tree (Fig. 2) . Anisakis plus (Pseudoterranova, Terranova) was monophyletic in the ML tree with 100% bootstrap support. Like for MP trees, Pseudoterranova, Anisakis, and Contracaecum ϩ Phocascaris were each monophyletic, with Ն99% support in ML bootstrap trees. Unlike the MP result, the ML tree recovered a monophyletic Anisakidae, but this clade was not found in the ML bootstrap majority-rule consensus tree. The Raphidascarididae received moderate (89%) support in the ML bootstrap tree. Genera representing Ascaridinae were strongly supported as monophyletic (100% bootstrap), but representatives of the Toxocarinae (Toxocara, Porrocaecum) were more closely related to anisakids (Toxocara) or the clade that included anisakids plus raphidascarids in the ML tree. As found for bootstrap MP analysis, the deepest nodes in the phylogenetic tree were not reliably supported as assessed by bootstrap resampling with ML inference (Fig. 2) .
ITS rDNA sequence data and analysis
Sequences of ITS rDNA from 7 of the 8 Pseudoterranova specimens from Pacific waters (obtained from 5 different host species, Table I ), were identical and matched the sequence of P. decipiens s. str. (Zhu et al., 2002) . One Pseudoterranova sequence from a Z. californianus (CSL) host (CSL, 4994) was polymorphic (A/G) at 1 ITS-2 site (position 50 in the alignment of Zhu et al., 2002) that was an adenine in the other CSL Pseudoterranova specimens. This polymorphic nucleotide occurred at the single site that distinguishes the ITS sequences of P. decipiens s. str. (adenine at this site) from Pseudoterranova azarasi (guanine at this site).
Sequences of ITS rDNA from the 4 Contracaecum specimens obtained from 4 Z. californianus (CSL) hosts were identical except for 1 ITS-1 polymorphism in 1 individual (CSL, 4836) . These sequences were not identical with any of the C. ogmorhini s.l. published sequences (Zhu et al., 2001 ), which are highly conserved, with only 1 ITS-1 site and 2 ITS-2 site differences (Fig. 3) between austral (C. ogmorhini s. str.) and boreal (C. margolisi) species. Three of 4 Contracaecum individuals sequenced from Z. californianus hosts in this study matched the sequence of C. margolisi (from a Pacific Canada Z. californianus) at all 3 sites (1 ITS-1, 2 ITS-2) that distinguish C. ogmorhini s. str. from C. margolisi, including the diagnostic ITS-2 BstN1 restriction site (Zhu et al., 2001 ). The polymorphic (C/T) ITS-1 site found in 1 individual (Fig. 1, position 254 ) occurred at a site that distinguishes C. ogmorhini s. str. (cytosine at this site) from C. margolisi (thymine at this site). All 4 of the Contracaecum sequences from Z. californianus hosts had 1 ITS-1 difference (position 407, a transition) that distinguished them from C. ogmorhini s. str. and C. margolisi. Three additional ITS-1 sequence sites were different for published C. ogmorhini s.l. sequences (Zhu et al., 2001 ) and the 4 Contracaecum sequences from Z. californianus hosts obtained from California. The characteristics of these differences are consistent with potential errors in the previously published sequences. For example, GA dinucleotides at positions 91-92 are AG in the newly obtained sequences (Fig. 3 ) and also in 6 Contracaecum osculatum sequences (Zhu et al., 2000) . Similarly, there are 2 C nucleotides at positions 240-241 (trailing C also in 6 C. osculatum sequences) and 2 T nucleotides at positions 409-410 rather than the single nucleotide indicated in each case for previously published sequences (Zhu et al., 2001) .
Pairwise comparisons of 14 Anisakis ITS sequences showed For the phylogenetic analysis of Anisakis taxa, using ProAlign to detect and remove unreliably aligned sites by their posterior probabilities excluded 198 of 922 ITS sites. This dataset of 724 characters included 96 phylogenetically informative characters. Maximum parsimony analysis of this ITS dataset yielded 3 most parsimonious trees of 240 steps (C.I. ϭ 0.88); ML analysis yielded 3 trees of equal likelihood. The strict consensus of the MP trees (Fig. 5) depicted A. physeteris plus A. brevispiculata as the sister group to the remaining Anisakis taxa. This clade was reliably supported in the MP bootstrap tree (92%) but was not recovered in the ML bootstrap tree. The remaining 12 ingroup Anisakis were monophyletic in ML and MP consensus trees, with 100% bootstrap support. Anisakis taxa from hosts collected in northern Pacific waters were nested within the strongly supported clade that included A. pegreffii, A. simplex s. str., and A. simplex C. A clade including A. simplex s. str., A. pegreffii, and specimens from P. phocoena (HP), L. borealis (PRP), and E. jubatus (SSL) was recovered in the strict consensus of MP and ML trees and received moderate bootstrap support.
For the phylogenetic analysis of Pseudoterranova taxa, using ProAlign to detect and remove unreliably aligned sites excluded 83 of 681 ITS characters. This yielded a dataset of 598 characters that included 23 phylogenetically informative sites. Maximum parsimony analysis yielded 2 equally parsimonious trees of 114 steps (C.I. ϭ 0.93); ML analysis recovered 2 trees of equal likelihood. A strict consensus of MP trees (Fig. 6 ) and 1 for ML trees depicted P. decipiens s.l. from Chaenocephalus aceratus (Blackfin icefish) as sister to the remaining taxa, which were supported as monophyletic with moderate support in MP and ML bootstrap analyses. Pseudoterranova specimens from hosts inhabiting northern Pacific waters were part of a clade in MP and ML consensus trees that included P. decipiens s. str. and P. azarasi.
DISCUSSION
Molecular approaches to delimiting and identifying anisakid nematodes have markedly influenced our understanding of their systematics and biodiversity (Paggi and Bullini, 1994; Bullini et al., 1997) . For example, in a detailed morphologically based revision of Anisakis, Davey (1971) recognized 3 valid species (A. simplex, A. typica, and A. physeteris) and retained 4 others as species inquirendae (Anisakis dussumierii, Anisakis insignis, Anisakis schupakovi, and Anisakis alexandri). Multilocus allozyme methods, which have a long history of application to investigations of Anisakis diversity Nascetti et al., 1986; Orecchia et al., 1986; Paggi and Bullini, 1994; Bullini et al., 1997) , have independently supported the validity of A. simplex s. str., A. typica, A. physeteris, and A. schupakovi, plus other species not recognized as valid by Davey (1971) , such as A. brevispiculata (Mattiucci et al., 2001 ). These methods have also proved to be powerful tools for revealing cryptic Anisakis species, such as members of the A. simplex complex, including A. simplex C and A. pegreffii.
Multilocus protein electrophoresis with population-level sampling of Anisakis, Contracaecum, and Pseudoterranova has been used to detect evidence of distinct biological species in natural populations and develop allozyme keys for their identification Paggi et al., 2000) . Reference individuals initially characterized by allozymes have also been used to develop DNA-based approaches for species identification such as PCR-RFLP and direct sequencing of ITS rDNA or mitochondrial DNA. For molecular systematics, multilocus approaches offer significant theoretical advantages for detecting and delimiting species when investigating natural populations (Nadler, 2002 (Nadler, , 2005 , whereas DNA diagnostic markers based on a single locus are most useful as practical tools for identification of known species from either larvae or adults. Single-locus studies based on sequencing or SSCP methods have the potential to reveal previously uncharacterized genetic variation, as in this study. However, interpreting this variation is often difficult, in particular, when relatively few individuals have been studied. Although such unique genetic variants may represent the derived states characteristic of distinct evolutionary species (and the markers of noninterbreeding populations as inferred for biological species), an alternative interpretation is that they represent intraspecific polymorphisms. When the genetic differentiation between known species and newly discovered genetic variants is large, it is tempting to hypothesize that the new variant represents an uncharacterized species, even when these data come from 1 locus. More typically, there are few differences between new variants and known species, as in this study, and multilocus studies of population samples are required to assess whether the genetic differences are fixed and the pattern consistent with separate species. Nevertheless, discovering novel sequences, as reported here for specimens of Anisakis and Contracaecum, is valuable because it reveals that previously unrecognized species may exist. Genetic data for fully testing hypotheses of new species (species delimitation) must come from additional research, such as comparisons of nucleotide sequences from multiple loci (and interpretation of multiple gene trees) or from multilocus protein electrophoresis (and population genetic analysis).
Pseudoterranova adults collected from hosts inhabiting northern Pacific waters, including Z. californianus (CSL), M. angustirostris (NES), P. vitulina (HS), E. lutris (SO), and E. jubatus (SSL), had LSU and ITS sequences that were identical with P. decipiens s. str. (formerly called P. decipiens B). These results represent new host records for P. decipiens s. str. in M. angustirostris, E. lutris, and E. jubatus, extending the confirmed host and geographic range of this anisakid, which is geographically widespread in pinniped hosts of the Northern Hemisphere. Surveys of marine mammals from Pacific waters using morphological approaches have reported P. decipiens s.l. or Pseudoterranova sp. from these same hosts plus C. ursinus (NFS), in which it has a high prevalence (Spraker et al., 2003) . Pseudoterranova decipiens s. str. is 1 of 4 species from the P. decipiens complex, which also includes Pseudoterranova bulbosa, Pseudoterranova krabbei, and P. azarasi Paggi et al., 2000) . The latter was redescribed based on specimens from E. barbatus (BS) and E. jubatus (SSL) collected in Japanese waters of the northern Pacific Ocean. These investigators tested 237 individual adult P. decipiens s.l. from these 2 host species using allozyme electrophoresis and only found individuals of P. bulbosa and P. azarasi. Although P. azarasi was not found in the small sample of nematodes examined in these North American hosts, 1 individual was polymorphic for the only ITS site that distinguishes P. azarasi from P. decipiens s. str. Additional research is needed to determine if this site is polymorphic within P. decipiens s. str. or P. azarasi (compromising the diagnostic utility of this ITS site in this case), or alternatively if this individual represents an F1 hybrid. Genetic evidence has revealed 1 instance of hybridization between P. decipiens s. str. and P. krabbei (Paggi et al., 1991) , and hybridization of other anisakids has been suggested based on ITS sequences .
Previous systematic analyses of Pseudoterranova species have included comparisons based on allozyme genetic distances (Paggi et al., 1991; Bullini et al., 1997; Paggi et al., 2000) and a phenogram of uncorrected ITS rDNA distances (Zhu et al., 2002) . The allozyme studies indicated a close genetic relationship between P. decipiens s. str. and P. azarasi Paggi et al., 2000) , with the topology: ((((P. decipiens s. str., P. azarasi), P. krabbei), P. bulbosa), P. decipiens E) . Considering only taxa that were identified to species, the ITS phenogram (Zhu et al., 2002) also depicted greatest similarity between P. decipiens s. str. and P. azarasi; however, their ITS phenogram was different from the allozyme tree: (((((P. decipiens s. str., P. azarasi), P. bulbosa), P. cattani), P. krabbei), P. decipiens Ca1). Zhu et al. (2002) have hypothesized that P. decipiens Ca1 is most likely equivalent to P. decipiens E. Maximum parsimony and ML analyses of ITS sequences (Fig. 6 ) also depicted a clade including P. azarasi and P. decipiens s. str.; however, the remaining topology was different from the previously published ITS analysis but was the same as the allozyme phenogram (excepting the absence of P. cattani from the allozyme study). Differences between these 2 analyses of ITS sequences are not unexpected, given that methods of inferring phenograms and phylogenetic trees involve very different assumptions. One potentially interesting phylogenetic result is that the Southern Hemisphere Pseudoterranova Ca1 and P. cattani are not sister taxa, suggesting a more complex evolutionary history than might be explained by a simple biogeographic scenario.
Contracaecum adults collected from Z. californianus (CSL) hosts inhabiting northern Pacific waters were identical in LSU FIGURE 6. Strict consensus of 2 equally parsimonious trees inferred from Pseudoterranova ITS rDNA sequences. Only 2 of 8 new Pseudoterranova sequences representing hosts from northern Pacific waters were included; these sequences represented all the variation among these 8 sequences. Vertical black bars mark taxa with identical ITS sequences as inferred from pairwise comparison of the alignment without exclusion of sites. Trees inferred using unweighted MP from a ProAlign alignment after excluding sites with minimum posterior probabilities of 60% or less (83 of 681 sites). These MP trees required 114 steps and had a C.I. of 0.93. Bootstrap percentages of clades (Ն70%) are shown above internal nodes, with MP values listed first, followed by ML values. Abbreviations for host species and individual host identifier follow selected parasite species: BS (bearded seal), CSL (California sea lion), GS (grey seal), HS (harbor seal), NES (northern elephant seal), PdCa (blackfin icefish), PdOe (european smelt), PRP (Pacific rightwhale porpoise), SASL (South American sea lion), SSL (Steller's sea lion). sequence with C. ogmorhini s. str., but their ITS sequences matched neither C. ogmorhini s. str. nor C. margolisi. This apparent conflict between LSU and ITS rDNA can be explained by the more conservative substitution rate of this LSU region. All 4 Contracaecum individuals from Z. californianus differed from C. margolisi and C. ogmorhini s. str. at 1 site; 4 other ITS-1 site differences were noted, but the nature of these differences suggest they may represent errors in the previously published sequences. One individual specimen was polymorphic at the only ITS-1 site that is different between C. ogmorhini s. str. and C. margolisi. Although this individual nematode would not be confused with C. ogmorhini s. str. or C. margolisi due to the difference in ITS sequence at position 407 (Fig. 3) , the presence of such site polymorphisms in the few individuals of C. ogmorhini s.l. examined indicates that more individuals should be sequenced to confirm that sites with differences are fixed within species. From a phylogenetic perspective, the LSU analysis establishes that the Contracaecum from these Z. californianus is most closely related to C. ogmorhini s.l. and C. rudolphii. Phylogenetic analysis of ITS sequences was not undertaken for Contracaecum because of the potential sequence errors previously noted and the lack of ITS variation (Fig. 3) . Additional genetic studies are required to determine whether these novel sequences from California sea lion hosts represent a previously unrecognized species.
Anisakis adults collected from northern Pacific marine mammals included individuals of A. simplex C from 2 M. angustirostris (NES) hosts; this is a new host record for this species. None of the other 5 individuals had ITS sequences that matched known species. Specimens from L. borealis (PRP) and E. jubatus (SSL) were most closely related to A. pegreffii, as inferred from phylogenetic analysis of ITS rDNA. The unique sequence from P. phocoena (HP) was part of the clade that included A. pegreffii and A. simplex s. str. All the specimens from northern Pacific marine mammals were nested within the clade that included ((A. pegreffii, A. simplex s. str.) A. simplex C); these represent the 3 known species within the A. simplex species complex and are characterized (along with A. typica and A. ziphidarum) by having type I larvae sensu Berland (1961) , which may represent the apomorphic (derived) state within An-isakis. Thus, these 3 unique ITS sequences may represent previously unidentified species of the A. simplex complex, but testing this hypothesis will require additional data. Previously published assessments of Anisakis relationships have been based on analysis of allozyme data Paggi, Mattiucci et al., 1998; Mattiucci et al., 2002) . Allozyme studies that have included explicit trees have indicated that a close genetic relationship exists among species of the A. simplex complex, with phenograms depicting the topology: ((((A. simplex s. str., A. simplex C) , A. pegreffii), A. ziphidarum), A. physeteris) Paggi, Nascetti et al., 1998) . In contrast to these multilocus phenograms, the MP and ML analyses of ITS sequences supported a sister-group relationship for A. pegreffii and A. simplex s. str., with A. simplex C as sister to this clade (Fig. 5) . Although the ITS phylogeny contains more species than in the published allozyme phenograms, there is good agreement between phenetic clustering of allozyme data and phylogenetic analysis of ITS sequences.
Molecular phylogenetic studies of anisakids and other ''aquatic'' ascaridoids have been relatively limited with respect to species representation (Nadler and Hudspeth, 1998; Nadler et al., 2000; Nadler and Hudspeth, 2000) . Phylogenetic support for Anisakidae and Raphidascarididae has varied according to both the genes analyzed and the types of analytical methods used (Nadler and Hudspeth, 1998; Zhu, Gasser, and Chilton, 1998; Nadler and Hudspeth, 2000; Shih, 2004) . For example, phylogenetic analyses of SSU or LSU sequences recovered a raphidascarid clade, but did not find evidence of a monophyletic Anisakidae, whereas combined analysis of SSU and LSU sequences yielded a monophyletic Anisakidae using ML inference but not by MP (Nadler and Hudspeth, 1998) . Such problems may be addressed by adding taxa, or characters, or both (Graybeal, 1998; Mitchell et al., 2000) ; however, in the most comprehensive phylogenetic analysis of Ascaridoidea, which included data from 3 genes plus morphological characters, support for the anisakid clade remained weak (Nadler and Hudspeth, 2000) . To provide increased taxon representation, published and new 28S sequences were combined in an analysis that used a probabilistic approach to determine which sites were ambiguous with respect to multiple alignment and warranted exclusion from the phylogenetic analyses. In these analyses, Contracaecum diversity was well represented, and raphidascarids included 4 of 9 genera. Anisakinae was less well represented, with only members of the A. simplex complex, Terranova, and 1 species of Pseudoterranova. The latter genus shows relatively little ITS diversity among known species (Zhu et al., 2002) , and, therefore, additional Pseudoterranova 28S sequences are unlikely to substantially alter the LSU tree. In contrast, Anisakis taxa show substantial ITS sequence diversity (Fig. 4) , and because species with the most divergent ITS sequences (A. typica, A. physeteris, A. brevispiculata) are absent from the LSU trees, these trees cannot be considered definitive statements about Anisakis monophyly. Parsimony and ML analyses indicated that the Raphidascarididae, Contracaecum plus Phocascaris, and Anisakinae (Pseudoterranova, Anisakis, Terranova) are each monophyletic, the latter 2 groups with consistently strong (MP and ML) bootstrap support. Anisakidae was recovered in the ML analysis, but without reliable bootstrap support; this clade was absent from the MP tree. In general, clade support was weak at deeper nodes in the LSU gene tree as evidenced by low bootstrap values for both MP and ML. In this case, adding taxa did not appear to increase the resolution of rDNA trees when testing the monophyly of the Anisakidae or Ascarididae. Improving phylogenetic resolution for deeper nodes in the evolutionary history of Ascaridoidea will apparently require additional gene sequences, perhaps those with relatively conservative rates of evolutionary change (Nadler, 1995) .
